Prediction of migratory routes of the invasive fall armyworm in eastern China
(amsl). In the eastern pathway we only calculated trajectories at heights from 500-1500 m 1 7 6 amsl as ground heights in this region are relatively low, but we used all 8 altitudes for the 1 7 7
western pathway as much of the land in this region (particularly in Yunnan) is >1000 m 1 7 8 amsl. We assumed that FAW cannot fly when the air temperature at flight altitude falls 1 7 9 below 13.8 °C, the minimum temperature for survival of FAW 13, 40 , and so trajectories were 1 8 0 terminated on any night/height combination which dropped below this temperature. 1 8 1 1 8 2
2.3.
Departure points for forward trajectories 1 8 3
We investigated the two main potential migratory pathways (the western and eastern 1 8 4 routes) by which FAW may annually invade eastern China, during four separate waves of 1 8 5 migration (March-April, April-May, May-June, and July). The western route originates in 1 8 6
Myanmar and Yunnan, and develops via Guizhou and Sichuan (Fig. 1) . To model this 1 8 7 route, trajectories were started from all potential departure points at every 1° grid for the 1 8 8 following schemes: from (i) Myanmar and Yunnan in March-April; (ii) Yunnan in May; (iii) 1 8 9
Yunnan and Guizhou in June; and (iv) Yunnan and Guizhou in July (Fig. 2, Fig. S1 ). 1 9 0
Myanmar and Yunnan were selected due to the fact that FAW has been present during the 1 9 1 first winter period of 2019, and Guizhou was selected because many trajectories from 1 9 2
Yunnan reached this province in May. 1 9 3
The eastern route starts in northern Indochina, Guangxi and Guangdong, and 1 9 4 develops via east-central China towards the main corn-producing regions in North and 1 9 5
Northeast China (Fig. 1) . To model this route, trajectories were started from all potential 1 9 6 departure points at every 1° grid for the following schemes: from (i) Thailand, and Laos / 1 9 7 1 1
Vietnam, in March-April; (ii) Guangxi and Guangdong in April-May; (iii) Hunan / Jiangxi, 1 9 8 and south Hubei / south Anhui, in May-June; and (iv) Hubei / Anhui, and Jiangsu / 1 9 9
Shandong, in July (Fig. 2, Fig. S1 ). The first two schemes were selected based on current 2 0 0 (April 2019) distribution of FAW, while the latter two schemes were selected based on the 2 0 1 results of the trajectories originating from the first two schemes earlier in the season. 2 0 2
We simulated the FAW trajectories by using average meteorological conditions at 2 0 3 flight altitude from the past 5 years (2014) (2015) (2016) (2017) (2018) . In total, >0.6 million trajectories were 2 0 4 calculated (Table S2) values indicating a greater clustering of directions around the mean and lower values 2 2 0 indicating a wider angular spread of trajectory endpoints. These three parameters 2 2 1 therefore indicate the effect that flight altitude selection will have on (i) the distance 2 2 2 travelled during migratory flights, (ii) the mean direction of windborne transport, and (iii) the 2 2 3 degree of dispersion or concentration that will occur over many nights of migratory flight. , so we ran our first trajectories from these 2 3 0 areas during March-April. In both cases, the endpoints of these trajectories (the first wave 2 3 1 of migration) largely remained within Yunnan province indicating a rather slow northward 2 3 2 spread (Fig. 2) . However, interestingly, some trajectories from Yunnan reached the 2 3 3 southeast corner of Guizhou province in this period, and this coincided precisely with the 2 3 4 location of a FAW outbreak discovered in late-April 2019.
12 The second wave of migration 2 3 5 moved much further from Yunnan, with many trajectories ending in Guizhou (Fig. 2 ) and 2 3 6 yet others travelling further east where they entered the eastern migratory pathway (see 2 3 7 below). During June (the third wave of migration), trajectories from Guizhou moved in a 2 3 8 northwards direction and FAW arrived in central China (eastern Sichuan, Chongqing and 2 3 9 southern Shaanxi). The fourth wave of migration during July took FAW into the more 2 4 0 easterly provinces of southern Shanxi, Henan and southern Shandong (Fig. 2) . Our 2 4 1 1 3 trajectory simulations therefore show that FAW moths migrating along the western 2 4 2 pathway will reach the North China Plain during the fourth wave of migration (by July). March-April (the first migration wave) had a high probability of ending in southern China.
4 7
Trajectories from Thailand reaching China were concentrated mostly in Guangxi, while 2 4 8 1 5
flight below 1000 m produced the longest trajectories (Fig. 4 , Table S3 ). Directions varied 2 8 6 with altitude in a complicated fashion across the different regions and time periods (Table  2  8  7   S3 ). The degree of directional clustering of trajectories tended to follow a regular pattern, 2 8 8 with tighter distributions occurring at high and low altitudes, but with a much greater 2 8 9 degree of dispersion at intermediate heights (Fig. 4) .
Along the eastern pathway, trajectories tended to become longer and more tightly 2 9 1 clustered with increasing altitude in the Indochina Peninsula and southern China during 2 9 2 spring (Fig. 4) . However, this patterns changed during late-spring and summer as the 2 9 3 moths moved further north into eastern China, with trajectory distance showing no pattern 2 9 4 with altitude but trajectory directions becoming more dispersed with increasing altitude in 2 9 5 the Yangtze and Yellow River Valleys and the North China Plain (Fig. 4) . Once again, 2 9 6 directions varied in a complicated manner with altitude (Table S3) . 2 9 7 2 9 8
DISCUSSION 2 9 9
In this study, we predicted future migration pathways of FAW in eastern China using a 3 0 0 trajectory analysis approach, combined with flight behaviour of FAW and meteorological 3 0 1 data from the past 5 years. Our results show that FAW will likely undertake annual 3 0 2 migrations from its new overwintering area in the Indochina Peninsula and South China 3 0 3 into the two main corn-producing areas of eastern China. The North China Plain (mainly 3 0 4
Henan, Shandong and Hebei) is predicted to be invaded in June each year after three 3 0 5 waves of migration along the eastern pathway, and then to receive another influx in July 3 0 6 due to a fourth wave of migrants coming from the western pathway. The Northeast China 3 0 7 1 6
Plain (Liaoning, Jilin and Heilongjiang) will then be invaded by a fourth wave of migrants in 3 0 8
July that originate for the population colonising North China a month previously. This likely 3 0 9
annual migration pathway will result in substantial damage and economic losses to corn 3 1 0 production in these two vitally important areas unless the FAW population can be 3 1 1 effectively managed. This means these species will be passively transported downwind, with little or no 3 2 0 influence over their migration trajectories. 42, 46 However, these weak-flying insects are still 3 2 1 capable of carrying out annual round-trip migrations between their winter-breeding regions 3 2 2 in Southeast Asia / South China, and summer-breeding regions much further north in East 3 2 3
Asia. This is because they can benefit from the seasonally-favourable winds that dominate 3 2 4 in this region, due to the passage of the East Asian monsoon. 30, 47 This persistent 3 2 5 large-scale weather system produces frequent winds from the southwest in the spring and 3 2 6 summer, and then switches to frequent winds from the north in the autumn, over the entire 3 2 7
East Asian migration arena, thus providing suitable transporting flows for insect migrants 
